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2ULJLQDOLW\YDOXH%RWKXVHUV¶PRYHPHQWLQWHQWLRQDQGYROXQWDU\SDUWLFLSDWLRQDUHFRQVLGHUHGQRW
RQO\WULJJHULQJWKHURERWZKHQSHRSOHDWWHPSWWRPRYHEXWDOVRFKDQJLQJWKHURERWPRYHPHQWLQ
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WKH XSSHU OLPE ZHUH FROOHFWHG DQG WKH DVVLVWDQFH ZDV WULJJHUHG ZKHQ WKH PXVFOHV¶ DFWLYLW\
LQFUHDVHGDERYHD WKUHVKROG7KLV(0*WULJJHUHGDVVLVWDQFHHQFRXUDJHV VHOI LQLWLDWHGPRYHPHQW
E\SDWLHQWVDQGWKLVPHDQVWKHSDWLHQWKDVWRDSSO\VRPHYROXQWDU\HIIRUWVWRREWDLQDPRYHPHQW
VXSSRUWHGE\ WKH URERW+RZHYHU WKLV DSSURDFKXVXDOO\EUHDNV WKHPRYHPHQW LQWR WZR VHSDUDWH
SKDVHV DQ DFWLYH SKDVH GULYHQ E\ WKH SDWLHQW DQG D SDVVLYH SKDVH GULYHQ E\ WKH URERW
0DUFKDO&UHVSR DQG 5HLQNHQVPH\HU  )XUWKHUPRUH ZKHQ WKH URERW LV GULYHQ WR SURYLGH
DVVLVWDQFHLQWKHVHFRQGSKDVHW\SLFDOO\SDVVLYHFRQWUROOHUVZLOOEHXVHGWRDFKLHYHWKHQHFHVVDU\
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,QVXFK(0*WULJJHUHGPRGHWKHURERWZRXOGRSHUDWHZLWKDSUHGHILQHG
WUDMHFWRU\DIWHUEHLQJDFWLYDWHGZKLFKKDGQRLQWHUDFWLRQZLWKWKHKXPDQOLPEVGXULQJWKLVSHULRG
XQWLOWKHWLPHDOORZHGIRUWKHQH[WWULJJHUHYHQW6RQJet al.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7R LQFUHDVH SDWLHQW¶V LQWHUDFWLYLW\ GXULQJ WKH UHKDELOLWDWLRQ WKH SDWLHQWFRRSHUDWLYH VWUDWHJ\
VKRXOGEHFRPELQHGZLWKDSSURDFKHVWKDWDGDSWWKHURERWDVVLVWDQFHDFFRUGLQJWRWKHLQWHQWLRQRI
VXEMHFWV'L&LFFRet al.SUHVHQWHGDQRUWKRWLFH[RVNHOHWRQFRQWUROOHGE\(0*VLJQDOVZLWK
WKUHVKROG DSSURDFK ZKLFK PHDQV WKH URERW FDQ EH RQO\ DFWLYDWHG ZKHQ WKH QRUPDOL]HG (0*
VLJQDOVDUHDERYHDFHUWDLQ WKUHVKROG+RZHYHUDVH[SODLQHGDERYH WKLVPHWKRGPD\GLYLGH WKH
URERW DVVLVWDQFH LQWR WZR LQGHSHQGHQW VXEWDVNV 7KHUHIRUH WKH VHOILQLWLDWHG PRYHPHQW VXSSRUW
DQG SDWLHQWFRRSHUDWLYH FRQWURO VWUDWHJLHV PXVW EH LQWHJUDWHG LQWR D URERWDVVLVWHG UHKDELOLWDWLRQ
V\VWHP%HQLWH]et al. SURSRVHGDVHWRIG\QDPLFPRGHOV WRFRPSXWH WKHURERW WULJJHULQJ
IXQFWLRQDQGWKHDVVLVWDQFHOHYHOSHRSOHQHHGHGE\XVLQJWKHPXVFXODU(0*VLJQDOVDQGWKHVHQVRU
LQIRUPDWLRQIURPURERW7KHPRGHOVFDQEHLQWHJUDWHGLQWRDQDFWLYH'2)HOERZRUWKRVLVV\VWHP
ZKLFK SURYLGHV D SURPLVLQJ VROXWLRQ WR VXFK DFWLYH UHKDELOLWDWLRQ SUREOHPV 2Q WKH RWKHU KDQG
6RQJet alSURSRVHGDFRQWLQXRXVURERWDVVLVWDQFHPHWKRGWRSURYLGHURERWDVVLVWLYHWRUTXH
SURSRUWLRQDOWRWKHDPSOLWXGHRI(0*VLJQDOV+RZHYHUWKHUHODWLRQVKLSEHWZHHQ(0*DQGMRLQW
WRUTXHZDVRQO\VLPSOLILHGDVDOLQHDUPRGHO0DQ\UHVHDUFKHUVXWLOL]HG(0*VLJQDOVWRHVWLPDWH
WKH MRLQW WRUTXH DQG DSSOLHG WKH HVWLPDWHG WRUTXH WR WKH URERWDVVLVWHG PRYHPHQW /HQ]L et al
VWXGLHGDWRUTXHHVWLPDWLRQEDVHG(0*FRQWUROPHWKRGIRUSRZHUHGH[RVNHOHWRQVDQGWKH
DVVLVWDQFH ZDV SURYLGHG WKURXJK D SURSRUWLRQDO (0* FRQWUROOHU 7KHVH PHWKRGV FRXOG SURYLGH
HIIHFWLYH VXSSRUW WR WKH XVHU +RZHYHU WKHLU XVDELOLW\ ZDV VWURQJO\ OLPLWHG E\ WKH DSSOLFDWLRQ
HQYLURQPHQW DQG WKH HVWLPDWLRQ RI XVHU PXVFXODU WRUTXH ZDV TXLWH URXJK 7KH GHYHORSPHQW RI
SDWWHUQFODVVLILFDWLRQFDQKHOSSDWLHQWVSHUIRUPUHKDELOLWDWLRQZLWK(0*FRQWUROOHGURERWLFV\VWHP
$ KXPDQDVVLVWLQJ PDQLSXODWRU RSHUDWHG E\ (0* VLJQDOV DQG DUP PRWLRQV ZDV SURSRVHG E\
)XNXGDet alZKHUHDQDFWLYHMRLQWLQWKHPDQLSXODWRU¶VHQGHIIHFWRUZDVFRQWUROOHGEDVHG
RQ (0* SDWWHUQ GLVFULPLQDWLRQ 6R WKH URERW FDQ DGDSW LWVHOI WR WKH FKDQJHV RI (0* SDWWHUQV
DFFRUGLQJWRWKHGLIIHUHQFHVDPRQJLQGLYLGXDOV6LPLODUO\.LJXFKLDQG+D\DVKLSURSRVHG
DQ (0*EDVHG PHWKRG WR FRQWURO DQ XSSHUOLPE URERW DFFRUGLQJ WR XVHU¶V LQWHQWLRQ LQ ZKLFK
KRZHYHUVL[WHHQFKDQQHOVRI(0*VLJQDOVZHUHFDSWXUHGWRHVWLPDWHWKHXSSHUOLPEMRLQWWRUTXH
YHFWRU7RKDYHDEHWWHUUHFRJQLWLRQDFFXUDF\-Xet alLQYHVWLJDWHGQRQOLQHDU(0*IHDWXUHV
DQGFODVVLILHUVZKLFKPDGHWKHURERWV\VWHPPRUHUHOLDEOH2X\DQJet al 
7KHSRWHQWLDOSUREOHPZLWK(0*WULJJHUHGSDVVLYHURERWWUDLQLQJLVWKDWLWGRHVQRWFRQVLGHU
SDWLHQW¶VYROXQWDU\SDUWLFLSDWLRQRUPXVFXODUHIIRUWVWKXVUHGXFLQJWKHFDSDELOLWLHVRIWKHV\VWHPWR

H[HUFLVH5LHQHUet al7KHSDWLHQW¶VPXVFOHDFWLYLW\OHYHOFDQEHUHIOHFWHGE\(0*VLJQDOV
ZKLOHWKHYROXQWDU\SDUWLFLSDWLRQLVFORVHO\UHODWHGWRWKHLQWHUDFWLRQIRUFHEHWZHHQWKHSDWLHQWDQG
WKHURERW6HYHUDOFRQWUROVWUDWHJLHVKDYHEHHQGHYHORSHGWRSURYLGHURERWLFDVVLVWDQFHDFFRUGLQJ
WRWKHSDWLHQW¶VGLVDELOLW\OHYHODQGWKHSDWLHQW¶VYROXQWDU\SDUWLFLSDWLRQLQWKHWUDLQLQJSURFHVV,Q
PRVW OLWHUDWXUHV WKH VXEMHFW¶V PXVFOH DFWLYDWLRQ OHYHO LV HYDOXDWHG E\ XVLQJ URRW PHDQ VTXDUH
506RI(0*VLJQDOVFROOHFWHG IURP UHODWHGPXVFOHV+RZHYHU WKH OHYHORI(0*UHDGLQJV LV
GHSHQGHQW RQ WKH VNLQ LPSHGDQFH DW WKH HOHFWURGHV ORFDWLRQ ZKLFK PD\ YDU\ EHWZHHQ GLIIHUHQW
VHVVLRQV0REDVVHUet al6RLQRUGHUWRFRPSHQVDWHWKLVYDULDELOLW\WKH(0*GDWDKDYHWR
EH QRUPDOL]HG 6RQJ et al  XVHG WKH PD[LPXP YROXQWDU\ FRQWUDFWLRQ 09& PHWKRG WR
QRUPDOL]H (0* VLJQDOV ,Q IDFW XVLQJ WKLV PHWKRG WR FDOFXODWH WKH PXVFOH DFWLYLW\ OHYHO LV
SUREOHPDWLFDVWKHUHZLOOEHYHU\GLIIHUHQWFRQWULEXWLRQVRIHDFKPXVFOHZKHQFRQGXFWLQJGLIIHUHQW
PRWLRQSDWWHUQV-LDQG/LX7KXVWKHZHLJKWVRIFRQVWULFWLRQPXVFOHVRIWKHOLPEKDYHWR
EHUHFRQVLGHUHGZKHQHYDOXDWLQJSDWLHQW¶VPXVFXODUVWUHQJWK2QWKHRWKHUKDQGWKHKXPDQURERW
LQWHUDFWLRQFRQWUROLVPRVWO\DFKLHYHGE\WKHXVHRILPSHGDQFHFRQWURO,WLVZLGHO\DFFHSWHGWKDW
WKHEHKDYLRURIURERWVKRXOGEHDGMXVWHGDFFRUGLQJWRSDWLHQW¶VUHFRYHU\FRQGLWLRQVZKLFKFDQEH
UHIOHFWHGIURPPXVFOHDFWLYLWLHV$Let al.7KHEDVLVRIDGDSWLYHLPSHGDQFHDVVLVWDQFHLVWR
PRGLI\ WKH URERW PRWLRQ LQ D ZD\ WKDW LV GHVLUHG E\ WKH SDWLHQW ZKLFK LV EHOLHYHG WR EH PRVW
DSSURSULDWH IRU UHKDELOLWDWLRQ +RZHYHU WKH LVVXH RI UHIHUHQFH WUDMHFWRU\ DGDSWDWLRQ KDV VRPH
GUDZEDFNV IRU H[DPSOH WKH H[WHQW RI WUDMHFWRU\ DGDSWDWLRQ FDQQRWEH ZHOO GHWHUPLQHG DQG WKH
FKDQJHV PD\ UHVXOW LQ DQ XQSK\VLRORJLFDO PRWLRQ SDWWHUQ ,Q RUGHU WR WDFNOH WKLV SUREOHP WKH
URERWDVVLVWDQFHVSHHGFDQEHDGDSWDEOH'XFKDLQHet al,QWKLVVLWXDWLRQWKHSK\VLRORJLFDO
WUDMHFWRU\FDQEHIROORZHGZKLOHWKHFKDQJHLQWKHPRWLRQYHORFLW\LQIOXHQFHGE\WKHSDWLHQWFDQ
DOVREHREWDLQHGLQWKHPHDQWLPH7KHUHIRUHLWPD\SURYLGHDEHWWHURSSRUWXQLW\IRUWKHSDWLHQWWR
DFWLYHO\FRQWULEXWHPXVFXODUHIIRUWVGXULQJWKHH[HUFLVHFRPSDUHGWRWUDMHFWRU\FRQWURO
,QWHUDFWLYHUHKDELOLWDWLRQDQGWUDLQLQJHQFRXUDJHVSDWLHQW¶VDFWLYHSDUWLFLSDWLRQDQGPD\DLGLQ
UDSLGPRWRUIXQFWLRQUHFRYHU\/LX,QWKLVSDSHUDQDFWLYHLQWHUDFWLRQFRQWUROOHULVEXLOWE\
WKHIXVLRQRI(0*VLJQDOVUHIOHFWLQJKXPDQPRYHPHQWLQWHQWLRQDQGWKHIRUFHVHQVRUSURYLGLQJ
KXPDQURERWLQWHUDFWLRQLQIRUPDWLRQ,QRUGHUWRREWDLQWKHVXUIDFH(0*VLJQDOVIURPORZHUOLPE
PXVFOHV PRUH FRQYHQLHQWO\ DQG HIIHFWLYHO\ D ZLUHOHVV (0* DFTXLVLWLRQ GHYLFH EDVHG RQ :L)L
SURWRFRO LV GHYHORSHG $Q HIIHFWLYH PRWLRQ UHFRJQLWLRQ FRQWUROOHU EDVHGRQ DXWRUHJUHVVLYH $5
IHDWXUHVDQGVXSSRUWYHFWRUPDFKLQH690FODVVLILHULVHVWDEOLVKHGWRSUHGLFWORZHUOLPEPRWLRQ
LQWHQWLRQLQDGYDQFHDQGWULJJHUWKHURERWDVVLVWDQFH,QRUGHUWRDOORZWKHXVHUWRLQWHUDFWZLWKWKH
URERWDQGWDNHPRUHHIIRUWVGXULQJWKHUHKDELOLWDWLRQDQLPSHGDQFHFRQWUROOHULVGHVLJQHGWRPDNH
WKHURERWPRYHPHQWVSHHGDGDSWDEOHWRSHRSOH¶VSDUWLFLSDWLRQHIIRUWV)XUWKHUPRUHWKHLPSHGDQFH
FRQWUROOHU WDNHV LQWR DFFRXQW WKH XVHU¶V PXVFOH DFWLYLW\ OHYHOV ZKLFK DUH HYDOXDWHG IURP (0*
VLJQDOVE\FRQVLGHULQJWKHFRQWULEXWLRQVRIHDFKPXVFOHLQGLIIHUHQWPRWLRQSDWWHUQVWRDGDSWWKH
URERW FRPSOLDQFH DFFRUGLQJO\ 7KH SURSRVHG DFWLYH LQWHUDFWLRQ FRQWUROOHU DOORZV WKH SDWLHQWV WR
GHWHUPLQHWKHWUDMHFWRU\SDWWHUQE\UHFRJQL]LQJ(0*VLJQDOVDQGLQIOXHQFHWKHVSHHGRIWKHLUOHJ
PRYHPHQWVDORQJDSK\VLRORJLFDOWUDMHFWRU\GXULQJWKHZKROHSUDFWLFH 

$/RZHU/LPE5HKDELOLWDWLRQ5RERW
7KHPHFKDQLFDOGHVLJQRIWKHURERWLVWKHEDVLVRIURERWDVVLVWHGUHKDELOLWDWLRQV\VWHP,QJHQHUDO
WKHUHDUHWZRW\SHVRIUHKDELOLWDWLRQURERWVHQGHIIHFWRUURERWVDQGH[RVNHOHWRQW\SHURERWV7KH
H[RVNHOHWRQ URERWV XVXDOO\ KDYH WR EH ZRUQ E\ WKH SDWLHQW DQG VXFK URERWV KDYH GUDZEDFNV RI

LQIHULRUDGDSWDELOLW\WRGLIIHUHQWSDWLHQWV2QWKHFRQWUDU\WKHHQGHIIHFWRUURERWVXVXDOO\FRQWDFW
ZLWK WKH SDWLHQW ERG\ DW D FHUWDLQ SRLQW PDNLQJ WKLV W\SH RI URERW HDV\ WR GHVLJQ DQG FRQWURO
$OWKRXJKDQXPEHURI URERWV VKRZJUHDW SURVSHFW LQ WKH UHKDELOLWDWLRQRI WKH ORZHU OLPEV WKH\
KDYHQRW\HWEHHQZLGHO\DSSOLHGWRWKHFOLQLFDOUHKDELOLWDWLRQ<LQet al,QRUGHUWRDYRLG
FRPSOH[G\QDPLFVSUREOHPVVXFKDVFRXSOLQJHIIHFWVFDXVHGE\PXOWL'2)VWKHKXPDQPDFKLQH
LQWHUIDFH LQ <LQ et al  ZDV DSSOLHG WR WKH NQHH FRQWUROOLQJ ZLWK RQO\ RQH '2) MRLQW
H[WHQVLRQ +RZHYHU WKLV VWUXFWXUH FDQ QRW PHHW WKH UHTXLUHPHQW RI ORZHU OLPE PRYHPHQW LQ
PXOWL'2)V5HFHQWO\SDUDOOHOURERWVKDYHGUDZQDORWRILQWHUHVWVLQWKHURERWLFFRPPXQLW\GXH
WR WKHLU VXSHULRULW\ RYHU WKH FODVVLFDO VHULDO VWUXFWXUHV LQ WHUPV RI VWLIIQHVV DFFXUDF\ DQG KLJK
SD\ORDG,WKDVEHHQIRXQGWKDWSDUDOOHOURERWVDUHEHWWHUFDQGLGDWHVIRUORZHUOLPEUHKDELOLWDWLRQ
-DPZDOet al+XVVDLQet al KDGDOVRSURSRVHGDD[LV UHGXQGDQWSDUDOOHO URERW
EDVHGRQWKHPRGHOLQJDQGNLQHPDWLFVRIDQNOHDQDWRP\
 
iA
iB
il
O

O
X

X
T
T
ar
br

(a) the parallel robot and its control system   (b) the geometric diagram 
)LJXUHA 6-DOF parallel robot for lower limb rehabilitation.
7KHORZHUOLPEUHKDELOLWDWLRQURERWGHVLJQHGKHUHLVDOVREDVLFDOO\DSDUDOOHOPHFKDQLVPZLWK
VL[ WUDQVLWLRQDO DQG URWDWLRQDO '2)V 7KH PHFKDQLFDO VWUXFWXUH LV FRPSRVHG RI D IL[HG EDVH D
PRYLQJSODWIRUPDQGVL[DFWXDWHG OLPEVZLWKNLQHPDWLFFKDLQV7KH6WHZDUWSODWIRUPVKRZQ LQ
)LJXUHZDVGHVLJQHGE\WKHDXWKRUV¶UHVHDUFKJURXSIRUWKHSXUSRVHRILQYHVWLJDWLQJORZHUOLPE
UHKDELOLWDWLRQ 7KH GHVLJQHG URERW FDQ EH DGDSWDEOH WR VXEMHFWV RI YDU\LQJ ORZHUOLPE DELOLWLHV
6SHFLILFDOO\ WKHV\VWHPPDLQO\ LQFOXGHVDQ LQGXVWULDO3&VL[PRWLRQFRQWUROOHUVEDVHGRQ'63V
PRGHO 706/)$ 3DQDVRQLF 0LQDV VHUYR GULYHUV DV ZHOO DV WKH 6WHZDUW SODWIRUP
/LQHDUSRVLWLRQDQGYHORFLW\RIHDFKDFWXDWRUDUHPHDVXUHGE\LQFUHPHQWDOSKRWRHOHFWULFHQFRGHUV
7KHFRQWUROOHULVFRGHGLQ&ODQJXDJHDQGUXQVXQGHUD:LQGRZVHQYLURQPHQW7KHGHYLFHLV
LQWHUIDFHG WR D VWDQGDUG 3& WKURXJK D &$1 %86 LQWHUIDFH *HRPHWULF GLDJUDP RI WKH 6WHZDUW
SODWIRUPFDQEHVHHQLQ)LJXUHEZKHUHWKHUDGLXVRIWKHXSSHUSODWIRUPLVGHILQHGDVrbDQG
WKHDQJOHLVș2OLNHZLVHWKHSDUDPHWHUVRIWKHIL[HGSODWIRUPDUHGHILQHGDVraDQGș1UHVSHFWLYHO\
7KHUDGLXVRIWKHXSSHUPRYLQJSODWHLVmmZKLOHWKHUDGLXVRIWKHIL[HGEDVHSODWHLVmm
DQGWKHDQJOHVRIWKHSODWIRUPVDUHDQGUHVSHFWLYHO\7KHURERW¶VUDQJHRIPRWLRQLVDEOHWR
IXOO\PHHWWKHUHTXLUHPHQWVRIORZHUOLPEUHKDELOLWDWLRQDQGWUDLQLQJ

:LUHOHVV(0*$FTXLVLWLRQ'HYLFH%DVHGRQ:L)L3URWRFRO
,WLVLPSRUWDQWIRUWKHDVVLVWLYHUHKDELOLWDWLRQURERWWREHFRQWUROOHGLQDFFRUGDQFHZLWKWKHXVHU¶V
PRWLRQLQWHQWLRQZKLFKFDQEHGLUHFWO\UHIOHFWHGE\WKHELRORJLFDOVLJQDOV+RZHYHULWLVGLIILFXOW
WR FRPELQH WKH ELRIHHGEDFN ZLWK WKH PHFKDQLFDO URERW FRQWURO 5LHQHU et al  VLQFH WKH

WUDGLWLRQDO (0* DFTXLVLWLRQ GHYLFHV DUH DOZD\V ZLUHG LQFRQYHQLHQW DQG QRQSRUWDEOH 7KH
FXUUHQW ZLUHOHVV WHFKQLTXHV IRU (0* HTXLSPHQW XVXDOO\ IRFXV RQ %OXHWRRWK =LJEHH RU )6.
+XVVDLQet al7KHGLVDGYDQWDJHLVWKDWWKHFROOHFWHG(0*GDWDFDQRQO\EHXVHGIRUORFDO
SURFHVVLQJ $V WKH :L)L SURWRFRO KDV DGYDQWDJHV RI QHWZRUN DFFHVV DELOLW\ KLJK WUDQVPLVVLRQ
EDQGZLGWK DQG ORZ HUURU UDWH RYHU RWKHU ZLUHOHVV WHFKQLTXHV LW FDQ EH XVHG WR FRPSOHWH WKH
ZLUHOHVV WUDQVPLVVLRQRI (0* VLJQDOV IURP WKH DFTXLVLWLRQ GHYLFHV WR WKH SURFHVVLQJSODWIRUPV
7KHUHDUHVHYHUDOFRPPHUFLDO:L)LEDVHG(0*DFTXLVLWLRQGHYLFHVVXFKDVWKH%76)5(((0*
IURP%76%LRHQJLQHHULQJ&RUSDQGWKHGHYLFHVIURP6KDQJKDL1&&0HGLFDO&R/WG+RZHYHU
WKHVHFRPPHUFLDOHTXLSPHQWVDUHQRWVHOHFWHGE\WKHDXWKRUVEHFDXVHWKH\DUHYHU\H[SHQVLYHDQG
WKLV ZLOO LQFUHDVH WKH FRVW GUDPDWLFDOO\ 7KH UHDOWLPH SHUIRUPDQFH LV LQGHHG DQ LPSRUWDQW LVVXH
ZKHQ DSSO\LQJ (0* GHYLFHV WR URERW FRQWURO 7KH VHOIGHYHORSHG GHYLFH FDQ DOVR VDWLVI\ WKH
UHDOWLPH UHTXLUHPHQW E\ XVLQJ :L)L SURWRFRO &RQVLGHULQJ WKH V\VWHP FRPSDWLELOLW\ ZKHQ
LQWHJUDWLQJLWZLWK WKHURERWSODWIRUPLQRXUH[SHULPHQWZHFKRRVHWRGHYHORSVXFKDGHYLFHE\
RXUVHOYHV7KHZLUHOHVV(0*DFTXLVLWLRQGHYLFHGHVLJQHGE\WKHUHVHDUFKHU¶VJURXSLVSUHVHQWHGLQ
)LJXUHLQZKLFKDLVWKHV\VWHPDUFKLWHFWXUHDQGELVWKHSLFWXUHRIWKHKDUGZDUHGHYLFH7KH
FHQWUDOXQLWLVDKLJKSHUIRUPDQFHPRQROLWKLFSURFHVVRU670)5&DQGWKHFRPPXQLFDWLRQ
XQLWHPSOR\VD:005PRGXOHDVWKHEJEDVHEDQGFRQWUROOHU,QDGGLWLRQWKHGHYLFH
LV DOVR LQWHJUDWHG ZLWKLQ D OLWKLXP EDWWHU\ DQG D SRZHU PDQDJHPHQW V\VWHP 6SHFLILFDOO\ WKH
VDPSOLQJUHVROXWLRQLVELWZLWKDEDQGZLGWKRIa+]7KHV\VWHPDPSOLILFDWLRQJDLQLVVHW
WRGEZKHUHLQWKHSUHDPSOLILHUJDLQLVGEDQGWKHILQDOJDLQLVGE
 
(a) systematic architecture                      (b) hardware picture 
)LJXUHThe self-developed wireless EMG acquisition device.

0RWLRQ5HFRJQLWLRQDQG0XVFOH$FWLYLW\(YDOXDWLRQ
(0*IHDWXUHVH[WUDFWLRQDQGPRWLRQUHFRJQLWLRQ
(0*VLJQDOVDUHRIWHQXWLOL]HGWRFRQWUROWKHSRZHUDVVLVWURERWVLQFHWKH\FDQGLUHFWO\UHIOHFWWKH
XVHU¶VPRYHPHQWLQWHQWLRQDQGWKHPXVFOHDFWLYLW\OHYHOV.LJXFKLet al,QUHFHQW\HDUVD
QXPEHURIPHWKRGVKDYHEHHQSURSRVHGWRH[WUDFWXVHIXOLQIRUPDWLRQIURP(0*VLJQDOV$Let al
 +RZHYHU LW LV GLIILFXOW WR HVWLPDWH WKH LQWHQGHG PRWLRQV DFFXUDWHO\ IURP PXOWLFKDQQHO
(0*VE\XVLQJD IL[HGFODVVLILHU7KHH[LVWLQJPHWKRGV WHQG WREHFRPSOLFDWHGRU UHTXLUHKXJH
DPRXQWRIVLJQDOVDPSOHVPRVWRIWKHPIRUORZHUOLPE(0*VLJQDODUHOHVVWKDQLGHDODQGFDQQRW
PHHWWKHUHDOWLPHUHTXLUHPHQW6LQFHWKHFRHIILFLHQWVRI$5PRGHOFRQWDLQVXIILFLHQWIHDWXUHVRI
(0* VLJQDOV WKH\ DUH VHOHFWHG DV WKH IHDWXUHV WR PRGHO WKH PRWLRQ SDWWHUQV LQ WKLV SDSHU 7KH
WUDQVIHUIXQFWLRQRI$5PRGHOLVGHILQHGDV
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ZKHUHpLVWKHRUGHURIWKHXVHG$5PRGHO ia LVWKH$5FRHIILFLHQWV   i p    x n LVWKH
(0*VDPSOHDQG  w n LVWKHUHVLGXDOYDOXHRIZKLWHQRLVH
,Q WKLVSDSHU IRXUFKDQQHO(0*VLJQDOVDUH FROOHFWHGDQGXWLOL]HG IRU ORZHU OLPE¶VPRWLRQ
UHFRJQLWLRQVRDIRXURUGHU$5PRGHOLVHVWDEOLVKHGLQWKLVFRQWH[W7KDWLV 
     ^       `a a a a a a "a       
7KHFDQRQLFDOHTXDWLRQRI$5PRGHOLVWKH<XOH:DONHUVW\OHZKLFKEXLOGVWKHUHODWLRQVKLS
EHWZHHQWKH$5FRHIILFLHQWV ia  DQGWKHVHOIFRUUHODWLRQPDWUL[RI  x n 
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7KHHTXDWLRQVDERYHFDQEHVROYHGE\WKH/HYLQVRQ'XUELQEDVHGLWHUDWLYHDOJRULWKPDVIROORZV
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:LWKDERYHHTXDWLRQVWKH$5FRHIILFLHQWV ia  FDQEHREWDLQHGDQGWKH\DUHXVHGDV
WKHLQSXWVWRDFODVVLILHUIRUPRWLRQUHFRJQLWLRQ
6XSSRUWYHFWRUPDFKLQHKDVJDLQHGZLGHDFFHSWDQFHLQSDWWHUQUHFRJQLWLRQILHOGV,WLVVKRZQ
WKDW690LVVXSHULRUWRRWKHUPDFKLQHOHDUQLQJPHWKRGVVXFKDVEDFNSURSDJDWLRQQHXUDOQHWZRUN
%31VLQFH690LVDEOHWRJDLQEHWWHUJHQHUDOL]DWLRQDELOLW\IRUXQVHHQGDWD/LXet al,Q
WKLVVWXG\DPHWKRGEDVHGRQWKH$5IHDWXUHVRI(0*LQFRPELQDWLRQZLWKD690FODVVLILHU LV
SURSRVHG ZKLFK LV TXLWH HIIHFWLYH IRU VROYLQJ QRQOLQHDU FODVVLILFDWLRQ SUREOHPV DQG UHGXFLQJ
FRPSXWDWLRQWLPH6XSSRVLQJWKHVDPSOHVDUH ^  `i ix d ZKHUH ix  LVWKHVDPSOHWREHFODVVLILHG
DQG id  LVWKHFDWHJRU\RIVDPSOH ix 6RWKHRSWLPDOK\SHUSODQH T iw x b  VKRXOGPHHWWKH
IRUPXODDQGZHQHHGWRILQGWKHPLQLPXP  w ZKLFKFDQEHUHZULWWHQDV

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7KHREMHFWLYHIXQFWLRQDERYHLVWRILQGWKHRSWLPDOVROXWLRQXQGHULQHTXDOLW\FRQVWUDLQWVDQG
WKLVFDQEHUHVROYHGE\/DJUDQJHIXQFWLRQV
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ZKHUHO  LVWKH/DJUDQJHPXOWLSOLHUDQGILQDOO\ZHFDQREWDLQWKHFODVVLILFDWLRQIXQFWLRQDV
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
ZKHUH ix LV WKH VXSSRUW YHFWRU DQG iO  LV WKH /DJUDQJH PXOWLSOLHU ZLWK UHVSHFW WR WKH VXSSRUW
YHFWRUDQG b LVDFRQVWDQW)RUQRQOLQHDUFODVVLILFDWLRQV\VWHPWKHVODFNYDULDEOH [ t VKRXOG
EHLQWURGXFHGDQGWKHREMHFWLYHIXQFWLRQEHFRPHV 

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ZKHUH C ! LVWKHSHQDOW\IDFWRUZKLFKLVXVHGWRILQGWKHRSWLPDOK\SHUSODQHXQGHUQRQOLQHDU
FRQGLWLRQVE\WUDQVIRUPLQJWKHPWRWKHVDPSOHVVXLWDEOHIRUOLQHDUFODVVLILFDWLRQ 
&RQVLGHULQJWKHQRQOLQHDUVDPSOHVWKHNHUQHOIXQFWLRQLVXWLOL]HGLQQRQOLQHDUWUDQVIRUPDWLRQ
WRPDSWKHQRQOLQHDUYDULDEOHVWRWKHKLJKGLPHQVLRQDOOLQHDUVSDFH%DVHGRQWKHIHDWXUHVRI(0*
VLJQDOVDUDGLDOEDVLVIXQFWLRQ5%)LVVHOHFWHGDVWKHNHUQHOIXQFWLRQKHUH 

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(YDOXDWLRQRIPXVFOHDFWLYLW\OHYHO
,Q RUGHU WR SURYLGH WKH URERW DVVLVWDQFH EDVHG RQ SDWLHQW¶V UHFRYHU\ FRQGLWLRQV WKH SURJUHVVLYH
UHKDELOLWDWLRQVKRXOGEHFRQVLGHUHGE\PRQLWRULQJWKHSDWLHQW¶VPXVFOHFRQGLWLRQDQGXSGDWLQJWKH
URERWFRQWUROOHU LQ UHDO WLPH$VPXVFOHDFWLYLW\ OHYHOVDUHFORVHO\ UHODWHG WR WKHFRRUGLQDWLRQRI
PXOWLSOHPXVFOHVDQXPEHURIUHVHDUFKHUVKDYHXVHG(0*VLJQDOVWRHYDOXDWHSDWLHQWSHUIRUPDQFH
GXULQJ WKH WUDLQLQJ RU H[HUFLVH VHVVLRQV $NGRJDQ et al  +RZHYHU WKH OHYHO RI (0*
UHDGLQJVPD\YDU\EHWZHHQGLIIHUHQWVHVVLRQV6RLQRUGHUWRFRPSHQVDWHWKLVYDULDELOLW\WKH(0*
VLJQDOVKDYH WREHQRUPDOL]HG0RUHRYHU WKHUHDUHGLIIHUHQWFRQWULEXWLRQVRIHDFKPXVFOHZKHQ
FRQGXFWLQJGLIIHUHQWPRWLRQSDWWHUQV7KHUHIRUHWKHZHLJKWFRHIILFLHQWVRILQYROYHGPXVFOHVRIWKH
OLPEKDYHWREHFRQVLGHUHGZKHQHYDOXDWLQJWKHSDWLHQW¶VPXVFOHDFWLYLW\OHYHO 
7KH690FODVVLILHULVXWLOL]HGWRSUHGLFWPRYHPHQWLQWHQWLRQLQWKLVSDSHUVRWKHSURFHVVFDQ
EHGLYLGHG LQWR WZR VWDJHV WKH WUDLQLQJ VWDJHDQG WKHDFWLYH WHVWLQJ VWDJH ,Q WKH ILUVW VWDJH WKH
VXEMHFWLVDVNHGWRNHHSDFHUWDLQPRWLRQIRUDSHULRGRIWLPHVRWKDW(0*VLJQDOVFDQEHVDPSOHG
DQGXVHG WR WUDLQ WKH690FODVVLILHU$QG LQ WKH VHFRQGVWDJH WKHVXEMHFW LVDVNHG WRPRYH WKH
OLPEIUHHO\DQGWKHPRWLRQFDQEHLGHQWLILHGE\WKHWUDLQHGFODVVLILHU7KH(0*VLJQDOVLQWKHILUVW
VWDJHFDQEHUHJDUGHGDVWKHUHIHUHQFHFULWHULRQWRLGHQWLI\WKHPRYHPHQWLQWHQWLRQDQGWKXVLWLV
DOVR UHDVRQDEOH IRU WKDW WR EH XVHG IRU QRUPDOL]LQJ WKH PXVFOH DFWLYLW\ OHYHOV 7KH VFKHPH RI
PRWLRQUHFRJQLWLRQDQGPXVFOHDFWLYLW\HYDOXDWLRQEDVHGRQ(0*VLJQDOVLVLOOXVWUDWHGLQ)LJXUH
6SHFLILFDOO\LQWKHWUDLQLQJVWDJHIRUHDFKPRWLRQSDWWHUQWKHZHLJKWFRHIILFLHQWVRIIRXUVHOHFWHG
PXVFOHVDUHFDOFXODWHGEDVHGRQWKHWRWDO506YDOXHVRIIRXUFKDQQHO(0*VLJQDOV 
 
 
i
i
i
RMS n
w
RMS n
 ¦    i       
,Q WKH VHFRQGVWDJH VXEMHFWVDUHDVNHG WRSHUIRUPDQDFWLYHPRYHPHQW WDVNDQG WKH(0*
VLJQDOV DUH XVHG WR LGHQWLI\ WKH PRWLRQ SDWWHUQ DQG HYDOXDWH WKH PXVFXODU DFWLYLW\ OHYHO IRU WKH
LPPHGLDWHSDWWHUQ%HFDXVHGLIIHUHQWPRWLRQVDFWLYDWHGLIIHUHQWOLPEPXVFOHVWKHSDWLHQW¶VPXVFOH
DFWLYLW\OHYHOLVFDOFXODWHGE\LQWHJUDWLQJWKHQRUPDOL]HG506YDOXHVDQGWKHZHLJKWFRHIILFLHQWV
<LQ et al  ,Q RWKHU ZRUGV ZKHQ VXEMHFWV LQWHQG WR PRYH WKH OLPE¶V PRWLRQ ZLOO EH
UHFRJQL]HG E\ (0* VLJQDOV DQG DV WKH ZHLJKW FRHIILFLHQWV RI PXVFOHV FRQWULEXWLQJ iw  KDYH

EHHQREWDLQHGLQWKHWUDLQLQJVWDJHVRLWLVFOHDUKRZPXFKDPXVFOHLVLQYROYHGLQVXFKDFHUWDLQ
PRWLRQ$QGWKHUHIRUHLWLVPRUHUHDVRQDEOHWRHYDOXDWHWKHPXVFOHDFWLYLW\OHYHOE\LQWHJUDWLQJWKH
QRUPDOL]HG506YDOXHVDQGWKHZHLJKWFRHIILFLHQWVRIDFWLYDWHGPXVFOHV
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ZKHUH iw  LV WKHZHLJKWFRHIILFLHQWRIFKDQQHO i IRU WKHFXUUHQWPRWLRQSDWWHUQDQG  iRMS n 
SUHVHQWVWKH506YDOXHRIWKHnWKVDPSOHGVLJQDOVRIFKDQQHOi  iinit RMS  LVWKHLQLWLDO506
YDOXHRIFKDQQHOiZKLFKLVHTXDOWRWKHDYHUDJH506RIFKDQQHOi  iRMS n FRPSXWHGDERYH
7KH DYHUDJH RI 506 YDOXHV RI (0* VLJQDOV DQG PXVFOH DFWLYLW\ OHYHOV DUH FRPSXWHG IRU HDFK
PRYHPHQWVHVVLRQDFFRUGLQJWRWKHWRWDO(0*YDOXHVGXULQJWKLVVHVVLRQDQGWKHSHULRGRIWLPH
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)LJXUHMotion classification and muscle activity evaluation scheme based on EMG signals

$GDSWLYH,PSHGDQFH&RQWUROIRU,QWHUDFWLYH5HKDELOLWDWLRQ
7KHPRWLRQ UHFRJQLWLRQV\VWHPGHWHUPLQHV WKH UHKDELOLWDWLRQ WUDMHFWRU\DQGSDUDPHWHUVEDVHGRQ
UHDOWLPHHYDOXDWLRQDQGPRWLRQGHFRGLQJ,QRUGHUWRSURYLGHDFRPSOLPHQWHQYLURQPHQWDIWHUWKH
URERWEHLQJ WULJJHUHG IOH[LEOHDVVLVWDQFHVKRXOGEHSURYLGHGE\PRQLWRULQJWKH LQWHUDFWLRQIRUFH
EHWZHHQWKHXVHUDQGWKHURERW7KHUHIRUHDSRVLWLRQEDVHGLPSHGDQFHPRGHOLVHVWDEOLVKHGLQWKLV
FRQWH[W7KHURERWFDQEHFRQWUROOHGLQDGPLWWDQFHZLWKWKHUHIHUHQFHWUDMHFWRU\RIWKHURERWZKHQ
WKHSDWLHQWDWWHPSWVWRPRYH%\PHDVXULQJWKHLQWHUDFWLRQIRUFHDSSOLHGE\XVHUVLWLVSRVVLEOHWR
FRPSXWH WKH UHIHUHQFH SRVLWLRQYHORFLW\ UHTXLUHG WR UHQGHU FHUWDLQ PDVV VWLIIQHVV DQG GDPSLQJ
SDUDPHWHUV 6DJOLDet al7KHFRQWUROREMHFWLYHRI WKLV LPSHGDQFHFRQWUROOHU LV WRPRGLI\
WKHURERWDVVLVWDQFHPRYHPHQWLQHDFKGLUHFWLRQRIWKHWDVNVSDFHZLWKXVHU¶VDFWLYHLQWHUDFWLRQVR
WKHG\QDPLFUHODWLRQVKLSEHWZHHQWKHURERWHQGHIIHFWRUSRVLWLRQDQGWKHLQWHUDFWLRQIRUFHQHHGVWR
EH HVWDEOLVKHG /RSHV DQG $OPHLGD  ,Q RUGHU WR IXOILOO VXFK WDVN VSDFH UHTXLUHPHQWV D
VHFRQGRUGHUHQGHIIHFWRULPSHGDQFHPRGHOLVFKRVHQDQGH[SUHVVHGE\(T
     d d d d d d e      M x x B x x K x x F        
ZKHUH dM  dB  DQG dK  DUHWKHGLDJRQDOPDWULFHVUHSUHVHQWLQJWKHGHVLUHGLQHUWLDGDPSLQJDQG
VWLIIQHVVSDUDPHWHUV x  DQG dx  DUHWKHDFWXDODQGWKHGHVLUHGHQGHIIHFWRUSRVLWLRQVYHFWRUVLQ
WDVNVSDFH/RSHVDQG$OPHLGD eF  LVWKHLQWHUDFWLRQIRUFHWKHXVHUH[HUWVXSRQWKHURERW

,Q WKLV SDUDOOHO URERWDLGHG UHKDELOLWDWLRQ SURJUDP WKH HQGHIIHFWRU¶V DFFHOHUDWLRQ FKDQJHV
YHU\VORZO\VRWKHLPSDFWRIWKHDFFHOHUDWLRQFKDQJH dx x   PD\EHLJQRUHG;Xet al.
&RQVLGHULQJWKHDFWLRQVRIGHVLUHGVWLIIQHVVDQGGDPSLQJ(TFDQEHVLPSOLILHGDV
   d d d d e     B x x K x x F       
7KH WUDGLWLRQDO LPSHGDQFH FRQWUROOHU LPSRVHV IL[HG SDUDPHWHUV RQ WKH SDWLHQW DQG FDQ QRW
DGDSWWKHLPSHGDQFHWRGLIIHUHQWXVHUV:KLOHLWLVZLGHO\DFFHSWHGWKDW WKHUHKDELOLWDWLRQVKRXOG
FRQVLGHUWKHSDWLHQW¶VUHFRYHU\FRQGLWLRQDQGXSGDWHWKHLPSHGDQFHSDUDPHWHUVLQUHDOWLPH6LQFH
LPSHGDQFH SDUDPHWHUV RI WKH KXPDQ OLPE ZLOO EH FKDQJHG IRU GLIIHUHQW PXVFOH DFWLYLW\ OHYHOV
WKHUHIRUH WKHURERWLPSHGDQFHVKRXOGEHFKDQJHGGHSHQGLQJRQWKHDFWLYLW\OHYHOV.LJXFKLDQG
+D\DVKL  ,Q WKH SURSRVHG FRQWUROOHU LPSHGDQFH SDUDPHWHUV RI WKH URERW DUH DGDSWDEOH LQ
DFFRUGDQFHZLWK WKHDFWLYH UDWLRRI ORZHUOLPEPXVFOHV WR UHDOL]H WKHQDWXUDODQGDGDSWLYHDVVLVW
FRPSOLDQFH$VPHQWLRQHGDERYHLQRUGHUWRJXDUDQWHHWKHDVVLVWLYHWUDMHFWRU\WREHSK\VLRORJLFDO
WKLV LPSHGDQFH FRQWUROOHU ZRUNV ZLWK D FRQVWDQW UHIHUHQFH WUDMHFWRU\ DQG RQO\ DGDSWV WKH URERW
YHORFLWLHV7KHGHVLUHGGDPSLQJLVWKHPRVWLPSRUWDQWIDFWRUZKHQDQLPSHGDQFHPRGHOIROORZLQJ
IRUFH DQG YHORFLW\ FRQWURO LV DSSOLHG DQG LW LV DOVR RQH RI WKH LPSHGDQFH SDUDPHWHUV DFWV DV D
YHORFLW\IHHGEDFNJDLQ1DJDWDet al.2QWKHRWKHUKDQGLQWKHIRUFHFRQWUROOHGZRUNVSDFH
LIRQO\DVLPSOHIRUFHIHHGEDFNLVDSSOLHGWKHUHVSRQVHFDQEHXQGHUGDPSHGIRUDQHQYLURQPHQW
ZLWKKLJKVWLIIQHVVXQGHUULJLGFRQGLWLRQV3DWHODQG6KDGSH\6RZHLQWURGXFHDPHWKRGIRU
WXQLQJ WKH GHVLUHG GDPSLQJ SDUDPHWHUV KHUH DQG VLPLODU VWUDWHJLHV DSSOLHG LQ URERW FRPSOLDQFH
FRQWUROFDQDOVREHIRXQGLQUHODWHGZRUNVIURP&KRDQG3DUN+Xet al.RU6DJOLDet 
al.1RWHWKDWWKHLQHUWLDKDVEHHQVHWWR]HURDQGLQWKHFDVHRISXUHGDPSLQJVLPXODWLRQD
SURSHUVWLIIQHVVLVVHOHFWHGQHFHVVDU\WRHQVXUHWKHV\VWHPVWDELOLW\7KLVJXDUDQWHHVWKDWWKHXVHU
LQWHUDFWVZLWKWKHH[WHUQDOHQYLURQPHQWZLWKDYHORFLW\WKDWFDQEHSURSHUO\DGMXVWHGE\WKHLPSDFW
IRUFHV7KHUHIRUH WKHYLVFRXVGDPSLQJRI LPSHGDQFHFRQWUROOHU LV WKHSDUDPHWHU WREHDGMXVWHG
ZKLOHWKHVWLIIQHVVLVVHOHFWHGSURSHUO\GHSHQGLQJRQWKHPXVFOHDFWLYLW\OHYHOVRIORZHUOLPE7KH
WUDMHFWRULHVZLOOQRWEHPRGLILHGDQGWKHGDPSLQJSDUDPHWHU dB  LVDGMXVWHGDVIROORZV
  VDW  d EMG mal nO O   B B C     
ZKHUH B  LV LQLWLDO YLVFRXV GDPSLQJ PDWUL[ IRU WKH LQLWLDO SRVLWLRQ EMGC  LV WKH SURSRUWLRQDO
FRHIILFLHQWPDWUL[RI(0*HIIHFWVDQG  mal n  LVWKHPXVFOHDFWLYHOHYHOHYDOXDWHGE\(T
VDW   LV D VDWXUDWLRQ IXQFWLRQ7KXV WKHDPRXQWRIGDPSLQJSDUDPHWHU dB  LV LQFUHDVHGZKHQ
WKH DFWLYLW\ OHYHO RI UHODWHG ORZHUOLPE PXVFOHV VLPXOWDQHRXVO\ LQFUHDVHG $QGYHORFLWLHV RI WKH
URERWDUHVHWWREHSURSRUWLRQDOWRDFWLYHLQWHUDFWLRQIRUFHEDVHGRQGDPSLQJSDUDPHWHU 
7KHFRQWUROOHUDUFKLWHFWXUHIRUGDPSLQJDFWLYHWUDLQLQJLVVKRZQLQ)LJXUH7KHRXWHUORRS
LV DQ LPSHGDQFH FRQWURO ORRSZLWKGDPSLQJSDUDPHWHU DQG WKH LQQHU ORRS LV DSRVLWLRQYHORFLW\
FRQWUROOHU7KHGDPSLQJFRHIILFLHQW LVFKDQJHGIRUGLIIHUHQW WUDLQLQJUHVLVWDQFHVDFFRUGLQJWR WKH
PXVFOHDFWLYLW\ OHYHOZKLFK LV LGHQWLILHGE\(0*VLJQDOVFRQVLGHULQJ WKHZHLJKWFRHIILFLHQWVRI
LQYROYHGPXVFOHVLQGLIIHUHQWPRWLRQSDWWHUQV)XUWKHUPRUHWKHDGDSWLYHFRQWUROOHULVSURSRVHGWR
DGMXVW WKH LPSHGDQFHSDUDPHWHUV DQG LQIOXHQFH WKH URERW VSHHG LQDFFRUGDQFHZLWK WKHSDWLHQW¶V
LQWHUDFWLYHHIIRUWV6SHFLILFDOO\DIX]]\3,'DGDSWLYHFRQWUROOHUZDVLPSOHPHQWHGLQMRLQWVSDFHDV
DEDVLFSRVLWLRQYHORFLW\FRQWUROOHURIWKH'2)SDUDOOHOURERWDQGWKHGHWDLOHGLPSOHPHQWDWLRQRI
VXFKFRQWUROOHUFDQEHIRXQGLQRXUSUHYLRXVZRUN=KRXet al 

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)LJXUHAdaptive impedance control based on muscle activity level evaluation

([SHULPHQWVDQG5HVXOWV
([SHULPHQWDO6HWXS
,QRUGHUWRHYDOXDWHWKHDELOLW\RIWKHLQWHJUDWHGSDUDOOHOUHKDELOLWDWLRQURERWWRSURYLGHLQWHUDFWLYH
UHKDELOLWDWLRQIRUORZHUOLPEVWKHSUHYLRXVO\GHVFULEHGURERWDQGFRQWUROOHUZHUHLPSOHPHQWHGLQ
D SUHOLPLQDU\ H[SHULPHQW ,QIRUPDWLRQ LQFOXGLQJ (0* VLJQDOV URERW SRVLWLRQ YHORFLW\ DQG WKH
LQWHUDFWLRQ IRUFHDUHFROOHFWHGDQGDQDO\]HG7KHVXUIDFH(0*VLJQDOVDUHDFTXLUHGE\ WKH VHOI
GHYHORSHGZLUHOHVV(0*DFTXLVLWLRQGHYLFHEDVHGRQ:L)LZLWKDGEDPSOLILHUDa+]
EDQGSDVVILOWHUD+]QRWFKILOWHUDQGDQ$'FRQYHUWRU$)XWHNIRUFHVHQVRU07$WULD[LDO
ORDGFHOO$GYDQFHG6HQVRU7HFKQRORJ\,1&86$LVPRXQWHGEHWZHHQWKHPRYLQJSODWIRUPDQG
WKHIRRWSODWHWRVHQVHWKHLQWHUDFWLRQIRUFHDFWLQJEHWZHHQKXPDQDQGURERW7KHIRUFHVLJQDOVDUH
DPSOLILHGEHIRUHEHLQJVHQWWRWKH3&E\WKH)XWHNDPSOLILHUPRGXOHVDQGDORZSDVVILOWHULVXVHG
WRWXQHWKHV\VWHPLQRUGHUWRPLQLPL]HWKHHIIHFWRIQRLVHV 
7KHH[SHULPHQWVZHUHFDUULHGRXWZLWKQLQHVXEMHFWVDJHGUDQJHIURPWRLQFOXGLQJERWK
PDOHDQGIHPDOHVXEMHFWV6L[PRWLRQVRIORZHUOLPEWKDWDUHIUHTXHQWO\XVHGQDPHO\GRUVLIOH[LRQ
SODQWDUIOH[LRQLQYHUVLRQDYHUVLRQDGGXFWLRQDQGDEGXFWLRQ-DPZDOet alZHUHDGRSWHG
)RXUFKDQQHO(0*VLJQDOVIURPWKHVXEMHFW¶VJDVWURFQHPLXVPHGLDOLV*0WLELDOLVDQWHULRU7$
IOH[RUGLJLWRUXPORQJXV)'/DQGVROHXV6/PXVFOHVZHUHFDSWXUHG7KHORFDWLRQRIHOHFWURGHV
LVVKRZQLQ)LJXUHE7KHVXUIDFH(0*VLJQDOVRIWKHVHPXVFOHVZHUHDFTXLUHGLQUHDOWLPHDQG
WKHIRUFHVHQVRUZDVORFDWHGWRXQGHUVWDQGWKHKXPDQURERWLQWHUDFWLRQ7KHVXEMHFWVVDWRQDFKDLU
ZLWKKLVKHUULJKWIRRWFRQVWUDLQHGWRWKHURERWLFGHYLFHDVLOOXVWUDWHGLQ)LJXUHF&RQVLGHULQJ
WKHVDIHW\ LVVXH WKLVSUHOLPLQDU\WHVWZDVSHUIRUPHGZLWKKHDOWK\VXEMHFWV7KLVH[SHULPHQWZDV
GHVLJQHGWRHYDOXDWHLIWKHSURSRVHGFRQWUROVFKHPHFRXOGWULJJHUWKHURERWDVVLVWDQFHDQGPRGLI\
WKHURERWPRYHPHQWEDVHGRQVXEMHFW¶V(0*VLJQDOVDQGDFWLYHHIIRUWV6LQFHWKHSDUWLFLSDWLRQRI
KHDOWK\ VXEMHFWV DQG SDWLHQWV DUH ERWK LQGLFDWHG E\ WKH GDWD IURP IRUFH VHQVRUV DQG (0* LW LV
UHDVRQDEOHWRYHULI\WKHHIIHFWLYHQHVVRIWKHSURSRVHGPHWKRGE\H[SHULPHQWVRQKHDOWK\VXEMHFWV
DQGWKLVLVDOVRDFFHSWHGE\PDQ\ZRUNVVXFKDV+XVVDLQet al.DQG.LJXFKLet al.

 
)LJXUH(a) Wi-Fi EMG acquisition device (b) location of EMG electrodes (c) experimental setup
7KHH[SHULPHQWSURFHVVRIWKHSURSRVHGPHWKRGFRQWDLQVIRXUPDLQVWHSVVHH)LJXUH 
 (0* VLJQDOV DFTXLVLWLRQ DQG SURFHVVLQJ ZLWK ILOWHULQJ DQG DPSOLILFDWLRQ 7KH IRXU
FKDQQHOVXUIDFH(0*VLJQDOVIURPORZHUOLPEZHUHDFTXLUHGE\XVLQJWKHVHOIGHYHORSHGZLUHOHVV
(0*DFTXLVLWLRQGHYLFHDQGWKHUDZVLJQDOVZHUHWUDQVPLWWHGWRWKH3&IRUIXUWKHUSURFHVVLQJYLD
:L)LSURWRFRO6SHFLILFDOO\ZHXVHG$J$J&OELSRODUHOHFWURGHVZLWKDFRQGXFWLYHGLDPHWHURI
PPDQGWKHLQWHUHOHFWURGHGLVWDQFHZDVVHWWRPP7KH(0*VLJQDOVZHUHGLJLWL]HGE\DQ
$'FRQYHUWHUVDPSOLQJIUHTXHQF\N+]TXDQWL]DWLRQELWDIWHUEHLQJDPSOLILHGG%DQG
ILOWHUHGWKURXJKDEDQGSDVVILOWHUa+]DQGDQRWFKILOWHU+] 
 0RWLRQ SUHGLFWLRQ DQG PXVFOH DFWLYLW\ OHYHO HYDOXDWLRQ E\ XVLQJ (0* VLJQDOV 7KH
H[SHULPHQWFRQVLVWVRIWZRSDUWV,QWKHILUVWSDUWWKHVXEMHFWZDVDVNHGWRSHUIRUPWKHVL[PRWLRQV
RQHE\RQHDQGPDLQWDLQLWIRUILIWHHQVHFRQGVVRWKDWWKH(0*GDWDVHWFDQEHDFTXLUHGWRWUDLQWKH
6907KH690FODVVLILHUZDVLPSOHPHQWHGE\&ODQJXDJH7KH690WUDLQLQJWLPHZDVOHVV
WKDQPVDQGFDQEHLJQRUHGFRPSDUHGWRWKHVXEMHFW¶VPRYHPHQWGXUDWLRQ,QWKHVHFRQGSDUW
WKHWUDLQHG690ZDVXVHGWRRQOLQHUHFRJQL]HWKHPRYHPHQWLQWHQWLRQDQGFRQWUROWKHURERW,Q
WKLVSDUW WKHVXEMHFWZDVDVNHG WRSHUIRUPFRQWLQXRXVPRYHPHQWV7KH URERWDVVLVWDQFHZLOOEH
WULJJHUHGRQFH WKH VXEMHFW¶V PRYHPHQW LQWHQWLRQ LV LGHQWLILHG DQG WKHPXVFOH DFWLYLW\ OHYHOZDV
FDOFXODWHGVLPXOWDQHRXVO\EDVHGRQWKHQRUPDOL]HG(0*VLJQDOVDQGZHLJKWFRHIILFLHQWV
 8SGDWLQJ RI LPSHGDQFH SDUDPHWHUV DQG YHORFLW\ FRPPDQGV $Q DGDSWLYH LPSHGDQFH
FRQWUROODZZDVSURSRVHGWRUHODWHWKHPXVFOHDFWLYLW\OHYHOWRWKHGDPSLQJSDUDPHWHUVRWKDWWKH
URERW DVVLVWDQFH VSHHG FDQ EH DGMXVWHG LQ DFFRUGDQFH ZLWK WKH KXPDQ LQWHUDFWLRQ IRUFH DQG WKH
UHFRYHU\FRQGLWLRQV7KHFRQFHSWEHKLQGWKLVDGDSWLYHODZLVWRVHWWKHURERWLFGDPSLQJORZLIORZ
PXVFOH DFWLYLW\ OHYHO LV GHWHFWHG IURP WKH VXEMHFW 7KLV ORZ LPSHGDQFH ZLOO LQFUHDVH WKH URERW
VSHHGXQGHUWKHVDPHLQWHUDFWLRQIRUFHWRPDNHWKHVXEMHFWFKDQJHWKHWUDLQLQJVSHHGPRUHHDVLO\
6LPLODUO\ WKH GDPSLQJ RI WKH URERW LV DGDSWHG WR EH KLJK LI WKH VXEMHFW VKRZV D KLJKHU PXVFOH
DFWLYLW\ OHYHO 7KLV KLJK LPSHGDQFH DOORZV WKH VXEMHFW WR SDUWLFLSDWH PRUH YROXQWDU\ HIIRUWV WR
GHYLDWHWKHURERWIURPWKHUHIHUHQFHVSHHGGXULQJH[HUFLVH 
)ROORZLQJWKHSUHGHILQHGWUDMHFWRU\DQGJHQHUDWLQJWKHDGDSWLYHURERWYHORFLW\EDVHGRQ
LQYHUVH NLQHPDWLFV DQG IX]]\ 3,' FRQWUROOHU ZKLFK ZDV LPSOHPHQWHG LQ MRLQW VSDFH DV D EDVLF
SRVLWLRQYHORFLW\FRQWUROOHURI WKH'2)SDUDOOHO URERW WRJXLGH WKHVXEMHFW¶V OLPERQ UHIHUHQFH

WUDMHFWRULHV :H UHIHU WKH UHDGHU WR =KRX et al  IRU WKH GHWDLOHG LPSOHPHQWDWLRQ RI VXFK
FRQWUROOHU IRUSDUDOOHO URERWLFPDQLSXODWRU ,Q WKLVH[SHULPHQW WKHSRVLWLRQDQGYHORFLW\ WUDFNLQJ
UHVXOWVRIWKHURERWKDYHVKRZHGVDWLVIDFWRU\FRQWUROSHUIRUPDQFHIRUUHKDELOLWDWLRQSXUSRVH7KH
DYHUDJH MRLQW SRVLWLRQ WUDFNLQJ HUURUV DQG YHORFLW\ WUDFNLQJ HUURUV ZHUH FRQWUROOHG WR OHVV WKDQ
PPDQGPPVUHVSHFWLYHO\DQGWKHSORWVFDQEHIRXQGLQ=KRXet al

)LJXUHFour main steps of rehabilitation robot control process in this study
([SHULPHQWV ZHUH FDUULHG RXW WR GHPRQVWUDWH WKH FRPSDULVRQ RI FRQYHQWLRQDO (0*WULJJHUHG
FRQWUROPHWKRGDQGWKHSURSRVHGPHWKRG,QWKHILUVWWULDOWKHVXEMHFWVZHUHDVNHGQRWWRH[HUWDQ\
IRUFH DQG UHPDLQ SDVVLYH DIWHU WKH URERW EHLQJ WULJJHUHG E\ (0* VLJQDOV ,Q WKH VHFRQG WULDO
H[SHULPHQWV RQ WKH SURSRVHG PHWKRG ZHUH H[HFXWHG ZKHUH WKH LPSHGDQFH SDUDPHWHUV DUH
DGMXVWDEOHWRDOORZWKHVXEMHFWVWRFKDQJHWKHURERWFRPSOLDQFHE\WKHPVHOYHV7KHVXEMHFWVZHUH
LQVWUXFWHG WRSHUIRUPYROXQWDU\PRYHPHQWVDQGFRQWULEXWH WKHLUPXVFXODU IRUFHV LQ WKH WUDLQLQJ
7KHSULPDU\JRDORIWKHILUVWWULDOZDVWRGHWHUPLQHLIWKH(0*EDVHGFRQWUROOHUFDQLGHQWLI\WKH
XVHU¶V PRYHPHQW LQWHQWLRQ DQG WULJJHU WKH URERW DVVLVWDQFH DQG WKH SULPDU\ JRDO RI WKH VHFRQG
WULDOZDV WRGHWHUPLQHZKHWKHU WKHSURSRVHGDFWLYH LQWHUDFWLRQFRQWUROOHUFDQ LPSURYH WKHXVHU¶V
YROXQWDU\ SDUWLFLSDWLRQ DQG LQFUHDVH WKH PXVFOH DFWLYLW\ OHYHOV $OWKRXJK WKH PRWLRQV FDQ EH
FODVVLILHGFRQWLQXRXVO\LQDQ\RUGHUWKHVXEMHFWLQWKLVWHVWZDVDVNHGWRSHUIRUPWKHPRWLRQVIURP
GRUVLIOH[LRQWRDEGXFWLRQRQHE\RQH(DFKPRWLRQWRRNDERXWVHFRQGV(DFKVXEMHFWZDVDVNHG
WRXQGHUJRVL[PRYHPHQWVHVVLRQVDQGHDFKVHVVLRQKDGFRQWLQXRXVPRWLRQVGRUVLIOH[LRQHWF
0HDQZKLOHDOOH[SHULPHQWVZHUHFRQGXFWHGZLWKWKHILUVWWULDODQGWKHVHFRQGWULDOIRUFRPSDULVRQ
,QDGGLWLRQWKHVXEMHFWZDVDVNHGWRKDYHDPLQXWHVUHVWEHWZHHQWZRPRYHPHQWVHVVLRQV

5HVXOWVDQG'LVFXVVLRQ
)LUVWO\ZHH[DPLQHGWKH(0*PRWLRQUHFRJQLWLRQDELOLW\$IWHUWUDLQLQJWKH690LQWKHILUVW
SDUWRIWKHWULDOWKH(0*VLJQDOVRIIRXUFKDQQHOVZHUHDFTXLUHGDQGWUDQVPLWWHGWRWKHSURFHVVLQJ

SDUWZKHUHZHLGHQWLILHGWKHXVHU¶VPRYHPHQWLQWHQWLRQEDVHGRQ$5IHDWXUHVH[WUDFWLRQDQG690
FODVVLILFDWLRQ7KHH[SHULPHQWSURJUDPZDVZULWWHQE\&ODQJXDJHDQGUXQRQD3&ZLWKGXDO
*+]&387KHPRWLRQUHFRJQLWLRQUHVXOWVFDQEHRXWSXWPVLQDGYDQFHEHIRUHWKHVXEMHFWLV
VWDUWLQJ WRPRYHKLVKHU OHJ ,QRWKHUZRUGV WKH VXEMHFW¶VPRYHPHQW LQWHQWLRQFDQEH LGHQWLILHG
PVHDUOLHUWRWKHSHRSOH¶VDFWXDOPRYHPHQW2QFHWKHPRYHPHQWLQWHQWLRQZDVGHWHUPLQHGWKH
URERWDVVLVWDQFHZLOOEHWULJJHUHGLPPHGLDWHO\7KHFRPPXQLFDWLRQEHWZHHQWKH(0*UHFRJQLWLRQ
SDUWDQGWKHURERWSDUWZDVUHDOL]HGE\7&3SURWRFRO6RWKHUHZDVDWLPHGHOD\RIDERXWPV
EHIRUHWKHURERWZDVUHDFWLQJ$FWXDOO\WKHUHZLOOEHDURXQGPVGHOD\ZKHQSHRSOHDWWHPSWWR
GULYH WKHURERWE\ WKHLURZQHIIRUWV WKLVKRZHYHUPD\QRWEHQRWLFHGE\ WKHVXEMHFWV LQDFWXDO
H[SHULPHQW,QIDFWWKHVXEMHFWVIRXQGWKH\FDQGULYHWKHURERWLPPHGLDWHO\ZKHQWKH\LQWHQGHGWR
PRYHDQGWKH\FDQDGDSWWKHURERWFRQWUROGXULQJWKHZKROHPRYHPHQW 
,Q WKLV H[SHULPHQW WKH VXEMHFW ZDV VXJJHVWHG WR SHUIRUP WKH VL[ FRQWLQXRXV PRWLRQV IURP
GRUVLIOH[LRQWRDEGXFWLRQLQRUGHUWRIDFLOLWDWHWKHFRPSDULVRQEHWZHHQGLIIHUHQWWULDOVZKLFKDOVR
PDGHLWHDVLHUWRYHULI\WKHFODVVLILHU¶VDELOLW\WRLGHQWLI\WKHPRYHPHQWW\SHVFRQWLQXRXVO\)LJXUH
VKRZVDQH[DPSOHRIWKHSDUWLDOUHVXOWVIRU6XEMHFW66XEMHFW6DQG6XEMHFW67KH
FDSWXUHGIRXUFKDQQHO(0*VLJQDOVDQGFODVVLILFDWLRQUHVXOWVDUHGHPRQVWUDWHG,QRUGHUWRIXUWKHU
HYDOXDWHWKHHIIHFWLYHQHVVRIWKHFODVVLILHUPRUHH[SHULPHQWVZHUHSHUIRUPHGZLWKDJURXSRIQLQH
KHDOWK\ VXEMHFWV ,Q WKLV SDUW HDFK VXEMHFW ZDV LQVWUXFWHG WR XQGHUJR WRWDO  PRYHPHQW
UHFRJQLWLRQ WULDOV 7KH UHFRJQLWLRQ GHWDLOV RI DOO VXEMHFWV DUH LOOXVWUDWHG LQ 7DEOH , $ VWDWLVWLFDO
RYHUYLHZRIPRWLRQUHFRJQLWLRQUHVXOWVGHVFULEHGE\PHDQVRIWKHDYHUDJHDFFXUDF\DQGVWDQGDUG
GHYLDWLRQ 6'ZDV UHSRUWHG IRU HDFK VXEMHFW LQ7DEOH , ,Q WKHFDVHRI6DQG6 WKHDYHUDJH
UHFRJQLWLRQDFFXUDF\LVKLJKHUWKDQRWKHUVEHFDXVHWKHVHWZRVXEMHFWVKDGEHHQSDUWLFLSDWHGLQRXU
H[SHULPHQWIRUDORQJWLPHDQGWKH\ZHUHYHU\IDPLOLDUZLWKH[SHULPHQWDOSURWRFRO,QFRQWUDVWWKH
UHVXOWVRI66DQG6DUHUHODWLYHO\XQVDWLVIDFWRU\SDUWLDOO\GXHWRWKHPXVFOHDFWLYLW\YDULDWLRQV
ZLWKJHQGHUDQGDJHDQGSDUWLDOO\EHFDXVHWKH\GLGQ¶WSHUIRUPWKHPRWLRQVDFFXUDWHO\5HJDUGLQJ
WR RWKHU IRXU VXEMHFWV 6 6 6 6 DOWKRXJK WKHLU (0* VLJQDOV RI ORZHU OLPE DUH YHU\
GLIIHUHQWZLWKHDFKRWKHUWKHPRWLRQUHFRJQLWLRQUHVXOWVRIWKHPDUHDOOVDWLVILHGZKLFKSURYHWKH
UHOLDELOLW\DQGDGDSWDELOLW\RIWKHSURSRVHGSUHGLFWLRQPHWKRGV7KHUHVXOWVRIDOPRVWDOOVXEMHFWV
VXJJHVWWKDWWKH(0*IHHGIRUZDUGLWHPVDQG690PHWKRGPDNHVLWSRVVLEOHWRSUHFLVHO\SUHGLFW
KXPDQPRWLRQLQWHQWLRQLQDGYDQFHDQGWKHVDWLVIDFWRU\PRWLRQUHFRJQLWLRQDFFXUDF\WKHVXEMHFWV¶
DYHUDJHUDWHRIVXFFHVV LVFDQEHREWDLQHGHVSHFLDOO\IRUVHYHUDOPRWLRQVVXFKDV
GRUVLIOH[LRQSODQWDUIOH[LRQDQGDEGXFWLRQLQZKLFKWKHVXFFHVVUDWHFDQUHDFKDERYH 
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6XEMHFW0DOH 6XEMHFW0DOH 6XEMHFW)HPDOH

)LJXUHThe EMG signals and motion recognition results of S2, S5, and S8 in active control mode. 
Each figure show the EMG signals (mV) of SL, TA, FDL and GM muscles during the movement 
and the classification results, in which the numbers from 1 to 6 present the six motions including 
dorsiflexion, plantarflexion, inversion, aversion, adduction, and abduction, respectively

7DEOH,Statistical analysis of motion recognition results with nine healthy subjects 
6XEMHFWV *HQGHU $JH 5HFRJQLWLRQUHVXOWVRIVL[PRWLRQVFRUUHFWWLPHVWRWDOWLPHV $YHUDJH$FFXUDF\GRUVLIOH[LRQ SODQWDUIOH[LRQ LQYHUVLRQ DYHUVLRQ DGGXFWLRQ DEGXFWLRQ
6 0DOH        f
6 0DOH        f
6 )HPDOH        f
6 )HPDOH        f
6 0DOH        f
6 0DOH        f
6 )HPDOH        f
6 )HPDOH        f
6 0DOH        f
$YHUDJH$FFXUDF\       f

6HFRQGO\ WKH URERW LPSHGDQFH WXQLQJ DQG URERW FRQWURO SURFHVV LQ SURSRVHG DFWLYH PRGH
ZHUHSUHVHQWHGDQGDQDO\]HG7KHREMHFWLYH LV WRGHPRQVWUDWHKRZ WKH URERWFRPSOLDQFHFDQEH
WXQHG DFFRUGLQJ WRSHRSOH¶V PXVFOH DFWLYLW\ OHYHO DQG KRZ WKH URERW PRYHPHQW YHORFLW\ FDQEH
LQIOXHQFHG E\ WKH VXEMHFW¶V DFWLYH LQWHUDFWLRQ IRUFH ,Q WKLV SDUW ZH MXVW WU\ WR YHULI\ WKH URERW
LPSHGDQFHWXQLQJDQGDFWLYHFRQWUROSURFHVVE\XVLQJWKHSURSRVHGPHWKRGZKLOHWKHFRPSDULVRQ
EHWZHHQWKHWZRPRGHVZLOOEHGLVFXVVHGLQQH[WVHFWLRQ$OWKRXJKWKHPXVFOHDFWLYLW\OHYHOVDQG
LQWHUDFWLRQIRUFHVYDU\DORW WRGLIIHUHQWVXEMHFWV WKHSDUDPHWHUWXQLQJDQGURERWFRQWUROSURFHVV
DUH VLPLODU IRU DOO VXEMHFWV :LWKRXW ORVV RI JHQHUDOLW\ DQG IRU VLPSOLFLW\
V VDNH H[SHULPHQWDO

UHVXOWVRIWKUHHVXEMHFWVDUHVHOHFWHGIURPQLQH7KHH[SHULPHQWDOUHVXOWVRI66DQG6GXULQJ
WKHH[HUFLVHZLWKDVVLVWRIURERWFRQWUROOHGE\WKHSURSRVHGPRGHDUHLOOXVWUDWHGLQ)LJXUHZKHUH
WKHPXVFOHDFWLYLW\OHYHOWKHVKDSHGLPSHGDQFHSDUDPHWHUWKHDFWLYHLQWHUDFWLRQIRUFHDVZHOODV
WKHURERWYHORFLW\WUDFNLQJUHVXOWVDUHGHPRQVWUDWHG)URPWKHUHVXOWVRQHFDQVHHWKDW WKHURERW
LPSHGDQFH GDPSLQJ KHUH FDQ EH DGMXVWHG E\ WKH XVHU¶V PXVFOH DFWLYLW\ OHYHOV DQG WKH URERW
PRYHPHQWYHORFLW\ZDVGHWHUPLQHGE\ERWK WKHKXPDQURERW LQWHUDFWLRQ IRUFHDQG WKHGDPSLQJ
SDUDPHWHU6SHFLILFDOO\ WKH URERWFDQEHFRPSOLDQW D ORZHUGDPSLQJZKHQ WKHPXVFOHDFWLYLW\
OHYHO LV ORZ ZKLOH WKH URERW¶V GDPSLQJ ZLOO LQFUHDVH ZKHQ WKH VXEMHFW VKRZV D KLJKHU PXVFOH
DFWLYLW\ OHYHO0HDQZKLOH WKH URERWPRYHPHQW VSHHGZDVJUHDWO\ LQIOXHQFHGE\ VXEMHFW¶VDFWLYH
LQWHUDFWLRQIRUFHDODUJHULQWHUDFWLRQIRUFH\LHOGHGDKLJKHUURERWYHORFLW\ZKLFKHQFRXUDJHVWKH
XVHUV WR FRQWULEXWH WKHLU RZQ HIIRUWV GXULQJ WKH H[HUFLVH ,Q DGGLWLRQ WKH GHVLUHG DQG WKH DFWXDO
YHORFLW\WUDFNLQJUHVXOWVDUHDOVRVKRZQLQ)LJXUHZKHUHWKHVROLGOLQHLVWKHGHVLUHGYHORFLW\DQG
WKHGRWWHGJUHHQOLQHLVWKHDFWXDORQH,WFDQEHVHHQWKDWWKHWUDFNLQJDFFXUDF\RIWKHFRQWUROOHULV
VDWLVILHGIRUVXFKDSDUDOOHOURERWDQGPRUHGHWDLOVFDQEHIRXQGLQ=KRXet al. 
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DFWXDOYHORFLW\ GHVLUHGYHORFLW\ DFWXDOYHORFLW\ GHVLUHGYHORFLW\ DFWXDOYHORFLW\ GHVLUHGYHORFLW\
6XEMHFW 6XEMHFW6XEMHFW

)LJXUHThe impedance tuning and robot control process considering the interaction force and 
muscle activity levels of S2, S5, and S8 in active mode. For each subject, the impedance parameter 
(damping here) was shaped by the users muscle activity level (as the arrow indicates). The robot 
velocity was determined by the human-robot interaction force and the damping parameter tuned 
above (as the two arrows indicate). In the plots of robot velocity, the solid line is the desired 
velocity and the dotted green line is the actual velocity. 

7KLUGO\ ZH DQDO\]HG WKH H[SHULPHQWDO UHVXOWV WR GHWHUPLQH ZKHWKHU WKH SURSRVHG DFWLYH
LQWHUDFWLRQFRQWUROOHUFRXOGLPSURYHWKHXVHU¶VYROXQWDU\SDUWLFLSDWLRQ LHZKHWKHU WKHSURSRVHG
DSSURDFK LQFUHDVHV PXVFOH DFWLYLW\ OHYHOV 7R WKLV HQGV ZH FRPSDUHG WKHGLIIHUHQFHV LQ PXVFOH
DFWLYLW\OHYHOVEHWZHHQWKHSURSRVHGDQGWUDGLWLRQDOPHWKRGV7KHH[SHULPHQWDOUHVXOWVRIVXEMHFWV

DUHVKRZQLQ)LJXUH7KLV ILJXUHVKRZV WKDW WKHERWK W\SHVRIYDOXHVRI WKHDFWLYHPRGH
ZHUHKLJKHUWKDQWKHWUDGLWLRQDOPRGH$GGLWLRQDOO\7DEOH,,VKRZVWKHDYHUDJHRIVHVVLRQVLQWKH
506YDOXHVDQGPXVFOHDFWLYLW\OHYHOVIRUHDFKWUDLQLQJPRGHDQGIRUHDFKVXEMHFW%RWK)LJXUH
DQG7DEOH,,VKRZDGLVWLQFWLQFUHDVHRIERWKW\SHVRIPXVFOHDFWLYLW\YDOXHVPXVFOHDFWLYLW\OHYHO
DQG506YDOXHIRUWKHDFWLYHPRGHFRPSDUHGWRWKHWUDGLWLRQDOPRGH7DNLQJ6IRUH[DPSOHWKH
RYHUDOODYHUDJHPXVFOHDFWLYLW\OHYHODQG506YDOXHLQ(0*WULJJHUHGPRGHDUHf
f UHVSHFWLYHO\ZKLOH WKH DYHUDJHYDOXHV LQ DFWLYHPRGH DUHf f
UHVSHFWLYHO\LQZKLFKWKHUDWHVRILQFUHDVHDUHDQGZKHQFRPSDUHGWRWKH
SUHYLRXVRQH7KHVHUHVXOWVVKRZWKDWWKHSURSRVHGDFWLYHFRQWUROPHWKRGVFDQEHUHDOL]HGZLWKD
KLJKHUOHYHORI WKHSHRSOH¶VDFWLYHSDUWLFLSDWLRQUDWH7KHVLPLODUUHVXOWVZHUHDOVRREWDLQHGZLWK
RWKHU VXEMHFWV $OWKRXJK GLIIHUHQW VXEMHFWV \LHOGHG GLIIHUHQW UDWHV RI LQFUHDVH LQ PXVFOH DFWLYLW\
OHYHOVDQG506YDOXHVWKHLPSURYHPHQWVRIWKHLUDFWLYHSDUWLFLSDWLRQDQGPXVFOHDFWLYLWLHVDUHDOO
REYLRXVLQGLFDWLQJWKDWWKHSURSRVHGPHWKRGLVDSSOLFDEOHWRDQ\XVHUV7KHH[SHULPHQWDOUHVXOWV
VKRZWKDWWKHDFWLYHLQWHUDFWLRQFRQWUROOHUFDQLQFUHDVHWKHDPRXQWRIWKHPXVFOHDFWLYLW\OHYHOVIRU
HDFKPRYHPHQWVHVVLRQFRPSDUHGWRWKHWUDGLWLRQDOPRGH7KLVZRXOGDOORZSDWLHQWVWRFRQWULEXWH
PRUHHIIRUWVGXULQJWKHH[HUFLVHDQGPD\LQFUHDVHWKHWUDLQLQJHIIHFWV
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PXVFOHDFWLYLW\OHYHOLQ(0*WULJJHUHGPRGH DYHUDJH506LQ(0*WULJJHUHGPRGH PXVFOHDFWLYLW\OHYHOLQDFWLYHPRGH DYHUDJH506LQDFWLYHPRGH

)LJXUHThe muscle activity level for each training mode (active/traditional), each type of muscle 
activity value (RMS/muscle activity level), and each subject within one of six movement sessions. 
Every subject was instructed to undergo six movement sessions (each session had 6 motions) for 
both modes. For each session, the average muscle activity levels and the RMS values as well as 
the standard deviations are presented. The red lines are the two types of muscle activity value in 
active mode, while the blue lines are the muscle activity values in EMG-triggered mode. 

7DEOH,,shows the average of 6 movement sessions for each training mode, each type of muscle 
activity value, and each subject. Additionally the rate of increase of the active mode compared to 
the traditional mode is shown for each muscle activity value (RMS/muscle activity level). 

 7UDGLWLRQDO(0*WULJJHUHGPRGH 7KHSURSRVHGDFWLYHPRGH0XVFOHDFWLYLW\OHYHO 506YDOXH 0XVFOHDFWLYLW\OHYHO 506YDOXH
6XEMHFWV 0HDQ 6' 0HDQ 6' 0HDQ 6' ,QFUHDVH 0HDQ 6' ,QFUHDVH
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'XULQJWKH(0*WULJJHUHGDVVLVWDQFHWULDOWKHVXEMHFWNHSWSDVVLYHDIWHUDFWLYDWLQJWKHURERW
E\(0*DFWLRQUHFRJQLWLRQVRWKHPXVFOHDFWLYLW\LVDWORZHUOHYHOGXULQJWKLVPRYHPHQWH[FHSW
IRUZKHQSHRSOHWU\LQJWRWULJJHUWKHURERW'LIIHUHQWO\LQWKHDFWLYHLQWHUDFWLRQDVVLVWDQFHWULDOWKH
VXEMHFWKDGWRSURYLGHDFHUWDLQHIIRUWWRNHHSWKHURERWPRYHLQDJUHHPHQWZLWKKLVKHULQWHQWLRQ
VR WKHVHOHFWHGPXVFOHVZLOOEHDFWLYDWHGIRUD ORQJSHULRGRI WLPH ,Q WKHSURSRVHGPHWKRG WKH
URERWFRPSOLDQFHFDQEHDGMXVWHGDFFRUGLQJWRKLVKHUPXVFOHDFWLYLW\OHYHOZKLOHWKHWUDGLWLRQDO
PHWKRGGRHVQRWWDNHWKHVXEMHFW¶VVWDWXVLQWRDFFRXQW,WLVFOHDUWKDWWKHUHZDVDGLVWLQFWLQFUHDVH
LQ WKH PXVFOH DFWLYLW\ OHYHOV IRU DOO VXEMHFWV ZLWK WKH DFWLYH LQWHUDFWLRQ PRGH FRPSDUHG WR WKH
(0*WULJJHUHGPRGH7KHLQFUHDVHLQ506YDOXHVLQGLFDWHGWKDWWKHDFWLYHPRGHKDGDSRVLWLYH
HIIHFW LQHQFRXUDJLQJPXVFOHDFWLYDWLRQ2Q WKHRWKHUKDQG WKHPXVFOHDFWLYLW\ OHYHOHYDOXDWLRQ
FDOFXODWHGKHUHWDNHVLQWRDFFRXQWWKHPXVFOHV¶ZHLJKWFRHIILFLHQWVLQDFHUWDLQPRWLRQ7KHZHLJKW
FRHIILFLHQWV ZHUH GHWHUPLQHG LQ WKH 690 WUDLQLQJ VWDJH DQG ZHUH FDOFXODWHG E\ XVLQJ (T 
7KHREWDLQHGPXVFOHV¶ZHLJKWFRHIILFLHQWVRIVHYHUDOVXEMHFWVDUHLOOXVWUDWHGLQ7DEOH,,,,QRUGHU
WRVLPSOLI\WKHWDEOHWKUHHVXEMHFWVDUHVHOHFWHGIURPQLQH7KHREMHFWLYHRIWKLVWDEOHLVWRSUHVHQW
WKHGLIIHUHQFHVRIPXVFOHV¶ZHLJKWFRHIILFLHQWV LQGLIIHUHQWPRWLRQSDWWHUQV2WKHU VXEMHFWV¶GDWD
ZHUHQRWOLVWHGIRUVLPSOLFLW\
VVDNHEXWDOOGDWDZHUHREWDLQHGE\XVLQJ(T&RQVHTXHQWO\
WKHPXVFOHDFWLYLW\OHYHOKHUHQRWRQO\GHSHQGVRQWKHQRUPDOL]HG(0*VLJQDOVEXWDOVRFRQVLGHUV
WKHZHLJKWFRHIILFLHQWVRIHDFKPXVFOHLQDFHUWDLQPRWLRQSDWWHUQVRDPRUHVFLHQWLILFPRGHOFDQ
EHDFKLHYHGDQGWKLVFDQEHDGDSWDEOHWRGLIIHUHQWSHRSOH
7DEOH,,,Muscles weight coefficients of the subjects in different motion patterns. 
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
(0*WULJJHUHG URERW DVVLVWDQFH DQG UHDOWLPH DGMXVWPHQW RI LPSHGDQFH GXULQJ WKH WUDLQLQJ
KDYHEHHQGHPRQVWUDWHGSUHYLRXVO\ LQ (PNHQet alDQG ;Xet al+RZHYHU WKH
PHWKRGSURSRVHGKHUHGLIIHUVLQWKUHHPDLQZD\V)LUVWO\LWSURYLGHVDVHDPOHVVLQWHUDFWLRQFRQWURO
VFKHPH IRU URERWDVVLVWHG UHKDELOLWDWLRQ DIWHU DFWLYDWLQJ WKH URERW E\ PRWLRQ UHFRJQLWLRQ %RWK

VXEMHFW¶VPRYHPHQW LQWHQWLRQDQGYROXQWDU\SDUWLFLSDWLRQDUHFRQVLGHUHGQRWRQO\ WULJJHULQJ WKH
URERWZKHQWKHXVHULQWHQGVWRPRYHEXWDOVRFKDQJLQJWKHPRWLRQSDWWHUQLQDFFRUGDQFHZLWKWKH
XVHU¶VSDUWLFLSDWLRQHIIRUWVGXULQJWKHPRYHPHQW,QFRQWUDVWWKHH[LVWLQJ(0*WULJJHUHGDSSURDFK
LVWRSURYLGHDVVLVWDQFHZKHQWKHVXEMHFWVWDUWVWKHPRYHPHQWEXWUHPDLQSDVVLYHDIWHUWKHURERWLV
WULJJHUHG 6HFRQGO\ WKH LPSHGDQFH FRQWUROOHU GHYHORSHG KHUH LV GLIIHUHQW LQ WKDW LW UHVSRQGV WR
YHORFLW\FKDQJHVUDWKHUWKDQYDULDWLRQVLQWUDMHFWRU\DQGWKXVRQO\DOORZVIUHHGRPVLQWKHWUDLQLQJ
VSHHGDQGNHHSVWKHPRYHPHQWDORQJDSK\VLRORJLFDOWUDMHFWRU\0RUHRYHUWKHDOJRULWKPSURSRVHG
KHUHDGDSWVWKHURERWLPSHGDQFHDVDIXQFWLRQRIWKHXVHU¶VPXVFOHDFWLYLW\OHYHO2QWKHFRQWUDU\
WKHH[LVWLQJDOJRULWKPVDOZD\VOLPLWHGWKHURERWVSHHGVEXWFKDQJHGWKHSDWKVHYHUHO\ZKLFKPD\
JXLGH WKH LPSDLUHG OLPE PRYH DORQJ DQ XQSK\VLRORJLFDO SDWWHUQ 7KLUGO\ DV PXVFOHV KDYH
GLIIHUHQWFRQWULEXWLRQVLQFRQGXFWLQJGLIIHUHQWPRWLRQSDWWHUQVWKHPXVFOHDFWLYLW\HYDOXDWLRQKHUH
WDNHV LQWR DFFRXQW WKH PXVFOHV¶ ZHLJKW FRHIILFLHQWV LQ D FHUWDLQ PRWLRQ SDWWHUQ DV GHVFULEHG LQ
7DEOH,,,DQGWKXVDPRUHVFLHQWLILFPRGHOFDQEHDFKLHYHG%\XVLQJWKHSURSRVHGPHWKRGWKH
URERWFDQEHFRPSOLDQWLIWKHSDWLHQWKDVVHYHUHLPSDLUPHQWZLWKORZPXVFOHDFWLYLW\VRWKDW WKH
SDWLHQWFDQLQIOXHQFHWKHURERWPRYHPHQWPRUHHDVLO\2QWKHRWKHUKDQGWKHURERWEHKDYLRUFDQ
EHPDGHVWLIILIWKHSDWLHQWVKRZVKLJKPXVFOHDFWLYLW\OHYHOVRWKDWWKHSDWLHQWFDQFRQWULEXWHPRUH
HIIRUWVWRWKHWUDLQLQJSURFHVV&RQVHTXHQWO\WKHSURSRVHGDFWLYHLQWHUDFWLRQFRQWUROVWUDWHJ\FDQ
DGDSWWKHURERWFRPSOLDQFHE\DGMXVWLQJDQLPSHGDQFHPRGHOIURPPRYHPHQWWRPRYHPHQWEDVHG
RQWKHSDWLHQW¶VPXVFOHDFWLYLW\OHYHOVDQGWKHUHFRYHU\FRQGLWLRQV
 
&RQFOXVLRQ
,QVXPPDU\WKLVSDSHUSUHVHQWVDVHDPOHVVDFWLYHLQWHUDFWLRQFRQWUROPHWKRGEHWZHHQWKH(0*
WULJJHUHGDVVLVWDQFHDQGWKHDGDSWLYH LPSHGDQFHFRQWUROVFKHPHIRUSDUDOOHOURERWDVVLVWHGORZHU
OLPE PRWRU H[HUFLVH DQG WUDLQLQJ %RWK SHRSOH¶V PRYHPHQW LQWHQWLRQ DQG YROXQWDU\ HIIRUWV DUH
FRQVLGHUHGQRWRQO\WULJJHULQJWKHURERWDVVLVWDQFHZKHQXVHUDWWHPSWVWRPRYHEXWDOVRFKDQJLQJ
WKH PRWLRQ SDWWHUQ LQ DFFRUGDQFH ZLWK SHRSOH¶V HIIRUWV GXULQJ WKH PRYHPHQW )LUVWO\ D ZLUHOHVV
(0*DFTXLVLWLRQGHYLFHEDVHGRQ:L)LSURWRFROZDVGHYHORSHGDQGDPRWLRQUHFRJQLWLRQPHWKRG
LQWHJUDWLQJ $5 FRHIILFLHQWV DQG 690 FODVVLILHU LV SURSRVHG WR LGHQWLI\ WKH XVHU¶V PRYHPHQW
LQWHQWLRQ 6HFRQGO\ DQ LPSHGDQFH FRQWURO PHWKRG LQ DFFRUGDQFH ZLWK WKH SHRSOH¶V LQWHUDFWLYH
HIIRUWVLVLPSOHPHQWHGWRPDNHWKHURERWFRPSOLDQW7KLUGO\WKHSURSRVHGPHWKRGDGDSWVWKHURERW
LPSHGDQFHDVDIXQFWLRQRISHRSOH¶VPXVFOHDFWLYLW\OHYHOZKLFKFRQVLGHUVWKHZHLJKWFRHIILFLHQWV
RI HDFK PXVFOH LQ D FHUWDLQ PRWLRQ SDWWHUQ ([SHULPHQWDO UHVXOWV ZLWK VHYHUDO KHDOWK\ VXEMHFWV
GHPRQVWUDWHG WKDW WKH URERW ZDV DEOH WR PRYH FRRUGLQDWHO\ ZLWK WKH XVHU¶V LQWHQWLRQ ZKLOH WKH
LPSHGDQFHFDQEHXSGDWHGZLWKWKHPXVFOHFRQGLWLRQV,WLVFOHDUWKDWWKHUHZDVDGLVWLQFWLQFUHDVH
LQWKHPXVFOHDFWLYLW\OHYHOVIRUDOOVXEMHFWVZLWKWKHDFWLYHLQWHUDFWLRQFRQWUROPRGHFRPSDUHGWR
WKH(0*WULJJHGPRGH6XFKVWUDWHJLHVZLOOSRWHQWLDOO\LQFUHDVHWKHSDWLHQW¶VPRWLYDWLRQEHFDXVH
WKHPXVFOHDFWLYLW\OHYHOFDQFKDQJHWKHURERWFRPSOLDQFHZKLOHWKHDFWLYHHIIRUWVFDQEHUHIOHFWHG
LQWKHWUDLQLQJVSHHGDQGWKXVFDQFDXVHDFRQVLVWHQWIHHOLQJRIVXFFHVV
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